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Abstract
α-Crystallin, a member of small heat shock protein (sHsp) family, is comprised of αA and αB subunits and
acts as a molecular chaperone by interacting with unfolding proteins to prevent their aggregation. The αAcrystallin homopolymer consists of 30-40 subunits that are undergoing dynamic exchange. α-Crystallin
and αA-crystallin are poorer chaperones in the presence of the crowding agent, dextran. Using
fluorescence resonance energy transfer, it is shown that the αAcrystallin subunit exchange rate strongly
increased with temperature. Binding of reduced ovotransferrin to αA-crystallin markedly decreases the
rate of subunit exchange, as does the presence of dextran. In addition, in the presence of dextran the
effect of reduced ovotransferrin on decreasing the rate of subunit exchange of αA-crystallin is stronger
than in the absence of dextran. Under the conditions of molecular crowding, the αA-crystallin subunit
exchange rate is not temperature-dependent. The exchange rate of αA-crystallin subunits correlates with
its chaperone efficiency i.e. the variation in chaperone ability of αA-crystallin increases with temperature.
However, in the presence of dextran the temperature dependence of the chaperone action of αA-crystallin
is eliminated.
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Abstract:
α-Crystallin, a member of small heat shock protein (sHsp) family, is comprised of
αA and αB subunits and acts as a molecular chaperone by interacting with
unfolding proteins to prevent their aggregation. The αA-crystallin homopolymer
consists of 30-40 subunits that are undergoing dynamic exchange. α-Crystallin
and αA-crystallin are poorer chaperones in the presence of the crowding agent,
dextran. Using fluorescence resonance energy transfer, it is shown that the αAcrystallin subunit exchange rate strongly increased with temperature. Binding of
reduced ovotransferrin to αA-crystallin markedly decreases the rate of subunit
exchange, as does the presence of dextran. In addition, in the presence of
dextran the effect of reduced ovotransferrin on decreasing the rate of subunit
exchange of αA-crystallin is stronger than in the absence of dextran. Under the
conditions of molecular crowding, the αA-crystallin subunit exchange rate is not
temperature-dependent. The exchange rate of αA-crystallin subunits correlates
with its chaperone efficiency i.e. the variation in chaperone ability of αA-crystallin
increases with temperature. However, in the presence of dextran the
temperature dependence of the chaperone action of αA-crystallin is eliminated.

α-Crystallin is the major protein component of the mammalian eye lens,
making up 50% of its dry weight (1, 2). α-Crystallin is the most aggregated
crystallin, and has a broad molecular mass distribution of 300 to 1000 kDa. It
has an average mass of around 800 kDa, comprising approximately 40 subunits
(3). There are two α-crystallin subunits: A and B, which in the lens are generally
found in a 3:1 molar ratio (4-6). These two polypeptides of 173 and 175 residues
in length, respectively, share 57% amino acid sequence similarity (7, 8). For
many years it was thought that the crystallins were lens-specific proteins.
However, in 1989 Bhat and Naganeni (9) found that αB-crystallin was also
abundant in non-lenticular tissues such as heart, skeletal muscle, skin, brain,
spinal cord and lung. By contrast, outside of the lens, αA-crystallin is only
expressed in trace amounts for example in the spleen and thymus (10, 11).
α-Crystallin belongs to the small heat-shock protein family and acts as a
molecular chaperone (12, 13) by preventing aggregation of target proteins under
stress conditions through the formation of a stable, soluble high-molecular mass
complex (14, 15). Therefore, α-crystallin has a dual function in the lens: to act as
a molecular chaperone to stabilize β and γ-crystallins and prevent their
aggregation, and a structural role to ensure proper refraction of light. Horwitz et
al. (13) showed that α-crystallin acted in a chaperone-like manner to prevent
heat-induced aggregation of β- and γ-crystallins. Disruption of crystallin order
and precipitation can lead to opacification and, potentially, cataract formation
(14, 16).
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The chaperone-like activity of α-crystallin increases with temperature, which is
accompanied by an increase in exposed hydrophobicity (1, 17-19). Another
contributor to the temperature dependence of α-crystallin chaperone action may
be subunit exchange (20, 21). Subunit exchange between native and
phosphorylated forms of α-crystallin and also between homogeneous αA/αAcrystallin and heterogeneous αA/αB-crystallin mixtures has been studied by
isoelectric focusing and fluorescence resonance energy transfer (FRET)
techniques (20-22). Bova et al. (22) showed that subunit exchange is strongly
dependent on temperature and binding of target protein.
Macromolecular crowding is ubiquitous and describes the normal conditions
inside a living cell; it greatly promotes the self-assembly of proteins (23, 24). The
concentration of macromolecules inside a cell is very high (up to 300 mg/mL)
arising from species such as polysaccharides, proteins and nucleic acids. By
contrast, reactions that are carried out in vitro are mainly undertaken in dilute
solution (23-26). Crowding influences a variety of biological phenomena and
systems by altering the reactivity of individual macromolecules, both qualitatively
and quantitatively (27). It promotes macromolecular association, catalytic activity
of enzymes and cell volume regulation (24, 28). Crowding has both
thermodynamic and kinetic effects on the properties of macromolecules resulting
in large quantitative effects on both the rates and equilibria of interactions
involving macromolecules (23, 24, 29). In order to mimic cellular conditions in a
test tube, inert macromolecular crowding agents such as PEG (polyethylene
glycol) and/or dextran can be added (28, 30).
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In this study, in order to understand better the relationship between subunit
exchange of αA-crystallin and its chaperone activity in the living cell, the wellknown macromolecular crowding agent, dextran, was used to mimic the
crowded cellular interior (31-33). Dextran has been chosen because it is an
uncharged, inert polymer (32). We confirmed previous findings that subunit
exchange of αA-crystallin increased with increasing temperature and was
decreased by interaction with reduced ovotransferrin. We further demonstrated
that the presence of the crowding agent (dextran) markedly reduced the rate of
subunit exchange of αA-crystallin and, with increasing temperature, this effect
was exacerbated. Moreover, binding ovotransferrin in the presence of dextran
had a stronger effect on reducing the rate of subunit exchange of αA-crystallin
compared to in the absence of dextran.
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Experimental Procedures
Materials and Methods
Chemicals and reagents
Lucifer yellow iodoacetamide (LYI) and 4-acetamido-4’-((iodoacetyl) amino)
stilbene-2,2’-disulfonic acid (AIAS) were obtained from Molecular Probes, Inc
(U.S.A. Eugene). αA-, and α-crystallin were prepared from bovine lenses
obtained from a local abattoir. Dextran (68,800 kDa), dithiothreitol (DTT), and
ovotransferrin were obtained from Sigma-Aldrich (St. Louis, U.S.A.).

Purification of α- and αA-crystallin
Purification of bovine α-crystallin was undertaken as described by Slingsby et
al. (34). Separation of αA- and αB- subunits of bovine α-crystallin was performed
as described by Steven et al. (35) using a Sephadex G75 column with a
diameter of 2 cm and length of 80 cm, in 0.1 M glycine, pH 2 and a flow rate of 9
mL/hour. The elution time of αA-crystallin was approximately 6 hours, while αBcrystallin eluted after nearly 8 hours, consistent with αA-crystallin being a
tetramer, and αB-crystallin being an unfolded monomer under these conditions
(35). The purity of the αA and αB-crystallin fractions was checked by SDS-PAGE
(not shown).

Chaperone activity assays
The chaperone activity of α- and αA-crystallin was measured at different
temperatures to investigate the ability of these proteins to prevent aggregation of
7

reduced ovotransferrin in the presence and absence of dextran. Ovotransferrin
(0.66 mg/mL) in the presence and absence of equimolar amount of α- or αAcrystallin and 0% or 10% (w/v) dextran was incubated at 37, 42, and 45oC in 50
mM phosphate buffer, pH 7.4, 0.05% NaN3. DTT was added to a final
concentration of 20 mM to commence the unfolding and aggregation of
ovotransferrin. Light scattering was then monitored at 360 nm using a
Spectramax microplate reader spectrophotometer (Molecular Devices) with
temperature control.
The rate constant of the aggregation of target protein was determined by fitting
to an exponential function F (t) = A1 + A2 (1-e-kt) to the light scattering data using
Sigmaplot software (version 8.0). A1 and A2 are constants such that F(0) = A1 +
A2, k is the rate constant and t is the time (in minutes).

Preparation of labelled αA-crystallin
Labelling of αA-crystallin with fluorescent probes AIAS or LYI was performed as
described by Bova et al.(22). 1 mg/mL αA-crystallin was mixed with solid AIAS
or LYI, separately, to the final concentration of 3.2 mM and 8.4 mM, respectively
in 100 mM NaCl, 20 mM MOPS, pH 7.9. The reaction proceeded for 12 hrs at
room temperature (22oC) in the dark with an additional 6 hrs for LYI at 37oC in
the dark. αA-Crystallin labelled with AIAS or LYI was separated from unreacted
fluorescent probes on a Sephadex G-25 size exclusion column and eluted with
50 mM sodium phosphate, pH 7.5, 100 mM NaCl, 2 mM DTT, at a flow rate of
20 mL/hr. Fractions containing labelled αA-crystallin at an elution time of
approximately 2 hrs were pooled and concentrated in an Amicon ultrafiltration
8

cell fitted with a Diaflo membrane with a 10 kDa MWCO to a volume of
approximately 2 mL, dialyzed against MilliQ water over night, and freeze-dried
before storage.
Measurement of the rate of αA-crystallin subunit exchange
The rate of subunit exchange was measured by the detection of fluorescence
resonance energy transfer (FRET) as described by Bova et al. (22) at 37, 42,
and 45oC. Equal amounts (0.4 mg/mL) of AIAS-labelled αA-crystallin and LYIlabelled αA-crystallin in 100 mM NaCl, 2 mM DTT, 50 mM sodium phosphate,
pH 7.5 were combined to initiate exchange the reaction (Bova et al. 1997). The
fluorescence emission spectra were recorded using a Hitachi F-4500
spectrofluorimeter with a 2.5 and 10 nm slit widths for emission and excitation,
respectively. For AIAS fluorescence emission, the excitation wavelength was
335 nm, while for LYI fluorescence 435 nm was used. The fluorescence intensity
of αA-crystallin was measured at 415 nm and 545 nm for AIAS and LYI labelled
αA-crystallin, respectively. Aliquots of 20 μL were sampled over 4 hrs and the
rate constants (k) of subunit exchange were determined by fitting an exponential
function, i.e. F(t) = C1+ C2 e-kt and F (t) = C1+C2 (1- e-kt) to the LYI and for AIAS,
fluorescence intensity data, respectively, to the fluorescence intensity data using
Sigmaplot software (version 8.0). F (t) is the exponential function of the
fluorescence intensity at 415 nm for AIAS and 545 nm for LYI for each given
time point, C1 and C2 are fluorescence intensities determined using the condition
C1+C2=1 at the time t=0 minute, C1 is the fluorescence intensity at any given
time t (in minutes).
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The effect of dextran on the rate of subunit exchange in αA-crystallin
The effect of dextran on the rate of subunit exchange was determined by the
addition of 10% (w/v) dextran to the αA-crystallin labelled with either AIAS or LYI
before combining these two solutions. The exchange rates were determined as
described above.

The effect of reduced ovotransferrin on the rate of αA-crystallin
subunit exchange in the presence and absence of 10% (w/v) dextran
To investigate the effect of a bound protein on the rate of subunit exchange of
αA-crystallin, 0.66 mg/mL of reduced ovotransferrin was added to the solutions
of labelled αA-crystallin. AIAS labelled and LYI labelled αA-crystallin were
incubated separately with ovotransferrin and 20 mM DTT for 3 hrs at 37oC prior
to mixing equal amounts of both solutions. The rate of subunit exchange was
determined as described above. The same experiment was carried out in the
presence of 10% (w/v) dextran.

Circular Dichroism (CD) spectroscopy of α-crystallin
The temperature dependence of changes in the tertiary structure of α-crystallin
in the presence and absence of dextran was studied using near-UV CD
spectroscopy (250-350 nm). The sample consisted of 3 mg/mL α-crystallin in 10
mM sodium phosphate buffer, pH 7.0 with or without 10% (w/v) dextran. The
measurements were taken in a 1 mm pathlength quartz cuvette (Starna,
Sydney) with a JASCO J-810 CD spectropolarimeter (Jasco, Tokyo, Japan)
connected to a Jasco CDF 426S temperature controller. Spectra were recorded
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between 25 and 48oC.with a resolution of 1 nm, response time of 4 seconds and
the scan rate of 100 nm/min. Each spectrum was an average of 4 scans with a
baseline scan subtracted.

Intrinsic fluorescence of α-crystallin in the presence and absence of
10% dextran (w/v) at different temperature
The intrinsic fluorescence intensity of α-crystallin (15 μM) was measured in the
presence and absence of 10% (w/v) dextran in 10 mM phosphate buffer, pH 7.0
at different temperatures (25, 37, 42, 45 and 48oC) in order to investigate the
effect of dextran on the environment of the tryptophan residues of α-crystallin.
Fluorescence spectra were recorded on a Hitachi F4500 fluorescence
spectrofluorimeter in 10 mm quartz cuvettes (Starna) with a thermostated
circulating water bath. Tryptophan residues were excited at 295 nm using a 2.5
nm slit width and emission spectra were recorded from 300-400 nm with a 5 nm
slit width. The scan speed was 240 nm/min with the instrument set at 700 V.

Results
Chaperone activity of α- and αA-crystallin in the presence and absence of
dextran at 37, 42 and 45oC.
Dextran is a well established crowding agent (31, 36-38). It has been shown
that addition dextran decreases the stability of proteins and increases their self
association (31, 39).
In this study the rate of aggregation of reduced ovotransferrin in the absence
of dextran increased with increasing temperature (Fig. 1). At 37oC, dextran
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slightly promoted ovotransferrin aggregation, at 42oC the rates were comparable
while at 45oC the rate of aggregation in the presence of dextran was slightly
decreased compared to in its absence.
As expected (Fig. 1), both α- and αA-crystallin were more effective chaperones
at higher temperatures in the absence of dextran. However in the presence of
dextran, both α- and αA-crystallin were less effective chaperones toward
aggregating ovotransferrin, which became more obvious at higher temperatures.

Determination of the rate constant of subunit exchange in labelled αAcrystallin by FRET
AIAS and LYI are dyes that bind to proteins at their free cysteine residues (40,
41). In αA-crystallin, Cys 131 is in the C-terminal region, and being the only
cysteine residue in the protein, is not involved in disulphide bond formation (41).
FRET (Fluorescence Resonance Energy Transfer) is a technique based on the
transfer of energy between a donor and acceptor (42) and commonly used to
measure the degree of association of macromolecules. FRET can be used to
monitor directly protein-protein interactions in an AIAS and LYI-labelled protein
blend (43). AIAS acts as an energy donor and LYI acts as an energy acceptor
(22, 41). Excitation of the donor molecule leads to fluorescence emission from
the acceptor molecule when both molecules are close enough for energy
transfer to occur.
Labelling of αA-crystallin with fluorescent probes did not alter the conformation
of the αA-crystallin, as indicated by the intrinsic fluorescence spectroscopy
showing no changes in Trp fluorescence intensity or λmax (data not shown).
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Upon the mixing of a 1:1 molar ratio of AIAS and LYI-labelled αA-crystallin, the
fluorescence intensity of both AIAS and LYI-labelled αA-crystallin was altered.
Figure 2a shows a time-dependent increase in LYI emission intensity at 525 nm
and a time-dependent decrease in AIAS emission intensity at 415 nm, due to the
progression of subunit exchange with time.
Figures 2b and 2c show a plot of emission intensity for the two populations of
labelled αA-crystallin. The rate constants for subunit exchange obtained for
these two fluorophores were (7.72 + 1.36) × 10-2 min-1 for AIAS and (6.23 +
1.20) × 10-2 min-1 for LYI and the time for complete exchange was about 60 min
in both cases. Since both these rate constants were proportional at all
temperatures (the average ratio of all measured AIAS/LYI rate constants under
the different experimental conditions was 1.06 ± 0.17, which is similar to those
previously reported by Bova et al. (22)), all subsequently reported values relate
to the increase of LYI fluorescence.

The effect of 10% (w/v) dextran and reduced ovotransferrin on the rate of
subunit exchange of αA-crystallin
In order to investigate the effect of bound target protein and dextran on the
rate of αA-crystallin subunit exchange at 37oC, reduced ovotransferrin and/or
10% dextran (w/v) were added to labelled αA-crystallin prior to the reaction.
Dextran led to a 20% decrease in the rate of subunit exchange of αA-crystallin
(Fig. 4a). The exchange rate constant was (4.64 ± 1.10) × 10-2 min-1 compared
to (6.23 ± 1.20) × 10-2 min-1 in the absence of dextran (Fig. 3c). In addition, the
time for complete exchange increased to 70 min compared to 60 min in the
absence of dextran. A time course quenching control experiment showed no
13

quenching of LYI by dextran shows that which subunit exchange experiment is
independent of LYI quenching by dextran (data not shown). Thus, dextran led to
a small but significant decrease in the rate of subunit exchange of αA-crystallin.
After adding reduced ovotransferrin to labelled αA-crystallin in a 2:1 molar
subunit ratio of ovotransferrin to αA-crystallin, the resulting exchange rate
constant of (3.15 ± 0.13) × 10-2 min-1 was lower by 50% than that observed for
free αA-crystallin (Figs. 3a and c). Reduced ovotransferrin increased the time to
complete exchange from 60 to 180 min. The decrease in αA-crystallin subunit
exchange rate caused by binding of reduced ovotransferrin is consistent with
Bova et al. (22) who reported that a 2:1 molar ratio of αA-crystallin:ovotransferrin
decreased the rate of subunit exchange by 35%. The presence of 10% (w/v)
dextran in the mixture of αA-crystallin and reduced ovotransferrin further
decreased the αA-crystallin subunit exchange rate to (6.49 + 2.82) × 10-3 min-1,
which is 79% lower than to that in the absence of dextran (Figs. 4a and c).
Moreover, the time for completion of the exchange increased from 180 min to
more than 240 min.

Effect of molecular crowding on subunit exchange rate of αA-crystallin at
different temperatures
The rate of subunit exchange and the effect of dextran on the rate of subunit
exchange of αA-crystallin was found to be strongly temperature dependent.
Upon increasing temperature from 42 to 45oC, the rate of subunit exchange
increased to (1.07 + 0.16) × 10-1 min-1 and (3.55 ± 4.58) × 10-1 min-1 respectively,
which is approximately 1.7 fold and 5.7 fold greater than at 37oC (Figs. 3b and d
and Table 1). In addition, the time for complete exchange decreased to 20
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minutes and 10 minutes at 42 and 45oC, respectively compared to 60 minutes at
37oC (Table 1).
In contrast, the presence of dextran at 42oC decreased the exchange rate
constant to (3.04 + 0.62) × 10-2 min-1, a value 3.5 fold lower than the rate in the
absence of dextran (Fig. 3d and Table 1). At 45oC, in the presence of dextran,
the rate constant was (4.78 ± 1.43) × 10-2 min-1, which was 7.4 times lower than
in the absence of dextran. In addition, at all temperatures the time to complete
exchange was significantly longer than in the absence of dextran (Fig. 3b and
Table 1) and, as in the absence of dextran, this time decreased at higher
temperature. In summary, the comparison of the rate constants for αA-crystallin
and dextran mixtures at 37, 42, and 45oC indicated that in the presence of
dextran, subunit exchange of αA-crystallin was not affected significantly by
increasing temperature, as was in the absence of the crowding agent (Table 1).

Circular dichroism (CD) spectroscopy of α-crystallin in the presence and
absence of dextran at different temperatures
In order to investigate the effect of dextran on temperature-induced changes in
the tertiary structure of α-crystallin, near-UV CD spectra of α-crystallin in the
presence and absence of 10% (w/v) dextran were acquired at different
temperatures. Due to the large absorbance of dextran in the far-UV (260-180
nm), it was not possible to acquire CD spectra of α-crystallin in this wavelength
region and hence monitor the effect of dextran on the secondary structure of the
protein. The near-UV CD spectrum of α-crystallin provides information on the
environment of aromatic residues in the protein. As shown in Figure 4(a), αcrystallin exhibits a negative ellipticity at around 291-300 nm from tryptophan
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residues and a larger positive peak at 262-266 nm from its phenylalanine
residues (44). The variation in ellipticity at 264 nm with temperature is shown in
Figure 4(c) in the presence and absence of dextran. Spectra of α-crystallin
showed a significant decrease in ellipticity at this wavelength with increasing
temperature which indicates that the environment of the phenylalanine residues
has changed, consistent with the protein becoming partially unfolded at elevated
temperature. In the presence of dextran, the change in ellipticity at 264 nm was
not significant (Fig. 4b). Similar effects were observed at all wavelengths across
the near-UV region.

Intrinsic fluorescence of α-crystallin in the presence and absence of
dextran at different temperatures
To investigate the effect of dextran on the environment of tryptophan residues
in α-crystallin with increasing temperature, intrinsic fluorescence spectra of αcrystallin in the presence and absence of 10% (w/v) dextran were acquired. A
comparison of maximum fluorescence wavelength (λmax) and fluorescence
intensity at λmax of α-crystallin, in the presence and absence of 10% (w/v)
dextran at different temperatures is shown in Figures 5a and b, respectively.
There was a progressive decrease in the fluorescence intensity with temperature
and a progressive increase in the maximum fluorescence wavelength over the
range 25-48oC, indicating that the tryptophan residues of α-crystallin become
more exposed to solvent. In the presence of dextran, the change in the
fluorescence intensity and wavelength was small implying that dextran stabilised
α-crystallin and prevented conformational changes occurring that would have
exposed tryptophan residues to solvent. In additional experiments, the intrinsic
16

fluorescence spectra of L-tryptophan did not change upon the addition of
dextran (data not shown).
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Discussion
Relative values of the rate constants of αA-crystallin subunit exchange
obtained for AIAS and LYI fluorescence changes were consistent at all
temperatures studied. At 37oC, these data (0.072 min-1 for AIAS- and 0.062 min1

for LYI-labelled αA-crystallin) are very similar to those of Bova et al. (22), who

reported rate constants of 0.075 min-1 and 0.069 min-1, respectively. Here we
report that in the presence of 10% (w/v) dextran at 37oC, the rate of subunit
exchange of αA-crystallin decreased by approximately 26% and the time for
complete exchange increased by around 14% (Table 1). An experiment using
LYI solution in the presence and absence of dextran was conducted to
determine a possibility direct quenching of LYI fluorescence by dextran. There
was no significant difference between both samples with time (data not shown),
therefore indicating that the changes in fluorescence observed for αA-crystallin
solutions were due to interactions of dextran with protein molecules, not with the
fluorescent probe.
Binding of reduced ovotransferrin to αA-crystallin decreased the rate of subunit
exchange by 50% and significantly increased the time required for the
completion of the exchange of LYI-labelled subunits. Since ovotransferrin is a
large protein (subunit mass ~78 kDa), it is likely that a molecule of ovotransferrin
binds to several subunits of αA-crystallin, effectively cross-linking them together,
and thus markedly slowing down their exchange (22, 41). In the presence of
reduced ovotransferrin, 10% (w/v) dextran further slowed down the subunit
exchange of αA-crystallin (by ~90%) also, increasing the time for the completion
of this process. The cumulative effect of reduced ovotransferrin and dextran on
18

the rate of subunit exchange was larger than of the sum of the individual effects
of these components (by about 15%), implying an enhancement of the effect of
ovotransferrin on the rate of subunit exchange of αA-crystallin in the presence of
dextran. In summary, these data show that dextran slows down subunit
exchange of αA-crystallin and this effect is more evident in the presence of a
bound target protein.
Between 37oC and 45oC, the chaperone action of αA-, and α-crystallin in
preventing reduced ovotransferrin from aggregating was enhanced. The
increase in chaperone activity of α-crystallin at higher temperature has been
reported in a variety of studies (1, 19, 45). Raman et al. (1) showed that at
temperatures above 30oC, a structural change occurred in α-crystallin, which
correlated with its enhanced chaperone activity. It was suggested that this
increased chaperone activity of α-crystallin occurred as a result of an increase in
exposed hydrophobic surface area.
This study found that at higher temperature, αA-crystallin was a better
chaperone than α-crystallin in preventing aggregation of reduced ovotransferrin,
which is consistent with the effect observed by Datta et al. (2) in preventing
insulin aggregation. The chaperone ability of αA- and α-crystallin when
interacting with reduced ovotransferrin increased with temperature (Fig. 1).
Dextran, however, interfered with α- and αA-crystallin chaperone action and
eliminated the effect of temperature on their chaperone activity (in fact at 45oC
both proteins were slightly worse chaperones in the presence of dextran (Fig.
1)). This correlates with the finding that increasing temperature did not alter
significantly the subunit exchange rate of αA-crystallin in the presence of
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dextran. Possible reasons for this observation could encompass one or more of
the following: (a) a decreased efficiency of interaction between reduced
ovotransferrin and αA-crystallin in the presence of dextran, (b) an increased rate
of aggregation of ovotransferrin at higher temperature affecting α-crystallin’s
chaperone efficiency, (c) dextran stabilizing α-crystallin and diminishing the
structural changes that occur to α-crystallin at higher temperature (1, 46). In
relation to point (a), the temperature-dependent decrease in the effect of dextran
on the rate of ovotransferrin aggregation may be a consequence of dextran
slowing down diffusion and limiting chance encounters of reduced ovotransferrin
molecules with α-crystallin (47, 48). With regards to point (b), the rate of
ovotransferrin aggregation in the presence of dextran increases only slightly at
higher temperatures (Fig. 1) in contrast to the much larger effect in the absence
of dextran. Thus, this is unlikely to be a major factor in the observation of an
absence of temperature dependence of α-crystallin chaperone ability in the
presence of dextran.
The third option (c) was examined by monitoring structural changes in αcrystallin with temperature in the absence and presence of dextran (Figs. 4 and
5). Near UV CD spectra of α-crystallin showed, for example, differences in Phe
emission intensity bands at different temperatures indicating that the effect of
temperature on the tertiary structure of α-crystallin was significant in the
absence of dextran, as has been observed by others (1, 17, 46). Santhoshkumar
et al. (49) reported that a Phe mutant of αA-crystallin (F71G) had decreased
chaperone activity compared to the wild type protein and that by increasing
temperature up to 45oC, a complete loss of chaperone activity in the mutant

20

occurred. It was concluded that the N-terminal Phe-rich region (residues 71-80)
contributes to the chaperone-like function of α-crystallin (49, 50). In this study,
increasing temperature changed the structure of α-crystallin in the region of the
phenylalanine residues as indicated by near-UV CD spectroscopy. Concomitant
with this structural change, the chaperone activity of this protein increased with
temperature. Other studies have shown that α-crystallin undergoes significant
structural change in this temperature range (1, 19, 45). In the presence of
dextran, however little structural change with temperature occurred in αcrystallin implying that dextran protected the protein from temperature-induced
structural changes. Intrinsic fluorescence spectroscopy of α-crystallin in the
presence and absence of dextran indicated that the environment of the
tryptophan residues (the N-terminal domain of the protein at positions 9 in αA
and 9 and 60 in αB) was not altered significantly with increasing temperature in
contrast to the situation in the absence of dextran. Thus, all these data are
consistent with the notion that α-crystallin did not undergo any significant
structural alteration with temperature in the presence of dextran.
The lack of significant temperature dependence in αA-crystallin subunit
exchange rate in the presence of dextran compared to its absence, is in marked
contrast to the situation in the absence of dextran where subunit exchange rate
increased significantly with temperature (Table 1). In the crowded environment
of the cell this observation has relevance, i.e. from our results, variation in
subunit exchange with temperature in a cellular environment may not be an
important factor in regulating chaperone action.
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Upon increasing the temperature from 37oC to 42oC, the rate constant for
subunit exchange of αA-crystallin increased 1.7-fold and the time for the
completion of exchange decreased by approximately 67%. These results differ
from those of Bova et al. (22), who reported a 4.2-fold increase in the rate
constant of subunit exchange and a 76% reduction in the time for complete
exchange at 42oC relative to 37oC. This difference may be due to the use of
recombinant αA-crystallin by Bova et al. (22), while in the present study a native
protein, which was partially phosphorylated and had been separated from αBcrystallin at acidic conditions, was used. An increase in temperature to 45oC
further increased the subunit exchange rate of αA-crystallin and decreased the
completion time.
Our data confirm that subunit exchange rate increases with temperature and
show that faster subunit exchange correlates with enhanced chaperone ability of
αA-crystallin. One explanation for this is that faster subunit exchange leads to
greater availability of the chaperone-binding sites due to a greater abundance of
dissociated species (1, 19, 51). Coupled with this, the structural change in αcrystallin, which occurs at higher temperature (17, 51) may expose more of its
chaperone-binding site to solution. During the chaperone action, these
dissociated forms interact with their stressed target protein and their association
rate is altered, leading to a decrease in the rate of α-crystallin subunit exchange,
as shown by our data with reduced ovotransferrin. These results are consistent
with the reports that the quaternary structure of Hsp26 changes dramatically at
heat shock temperature (37oC), i.e. an oligomeric from of Hsp26 occurs at room
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temperature, while a dimeric species is observed at 43oC (51). At this higher
temperature, the chaperone ability of Hsp26 is also enhanced.
Our data showed that dextran decreased the rate of subunit exchange of αAcrystallin both in the presence and absence of reduced ovotransferrin. While the
chaperone ability of αA-crystallin increased with temperature, dextran eliminated
this effect, or even made αA-crystallin a less efficient chaperone at higher
temperatures. Molecular crowding did not cause enhancement with temperature
of ovotransferrin aggregation; a possible reason for this is the decreased
interaction between αA-crystallin subunits and/or αA-crystallin subunits and
reduced ovotransferrin in the presence of dextran, implying decreased diffusion
rate of the molecules (24, 29). Both of these processes, i.e. aggregation of
ovotransferrin subunits and binding of ovotransferrin to αA-crystallin, involve
complex formation and were slower in the presence of dextran. Crowding has
both thermodynamic and kinetic effects on biochemical reaction rates (23, 47,
48). If the overall rate of reaction between two defined species is limited by the
encounter rate of the reacting molecules, then crowding will reduce the overall
rate by reducing diffusion (47, 48). To validate this hypothesis, it would be worth
considering studies on temperature dependence of diffusion rates in the
presence of molecular crowding.

Conclusions
In this paper, the hypothesis that subunit exchange may be relevant to the
chaperone activity of α-crystallin was tested. It has been shown that at higher
temperatures the rate of subunit exchange of αA-crystallin increased and this
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correlated with its enhanced chaperone activity, possibly by facilitating
dissociation of α-crystallin into subunits (1, 19, 45). However, with more
relevance to the in vivo situation, the presence of a bound target protein and/or a
crowding agent decreased the rate of subunit exchange. In particular, the
decrease in the rate of αA-crystallin subunit exchange is possibly due to the
interaction of the target protein with αA-crystallin subunits. Molecular crowding
further decreased the rate of subunit exchange. Interestingly, although the αAcrystallin subunit exchange rate increased with temperature between 37oC and
45oC, in the presence of dextran it did not show significant temperature
dependence. This was accompanied by reduced chaperone activity of αcrystallin in the presence of dextran and little overall structural change in the
protein as monitored by near-UV CD and fluorescence spectroscopy with
temperature. Thus, from this work, it is apparent that although subunit exchange
in α-crystallin plays an integral role in regulating its chaperone action in vitro, this
aspect may be less crucial in the crowded intracellular environment.
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Figure Legends
Figure 1: Ovotransferrin (0.66 mg/mL) aggregation in the presence of α- or αA-crystallin
(1.0:0.5) molar ratio and 10% (w/v) dextran at 37oC, 42oC, and 45oC. Protein solution was
incubated in 50 mM phosphate buffer, 0.1 M NaCl, 0.05% NaN3, pH 7.4. Aggregation of
ovotransferrin was initiated by the addition of 20 mM DTT. The rate constants of ovotransferrin
aggregation were obtained by fitting an exponential function to the light scattering data as
described in the Materials and Methods section.
Figure 2 (a): Changes in the emission spectral intensity of labelled αA-crystallin during
subunit exchange. (b):decrease in relative fluorescence intensity of AIAS at 415 nm and
(c): increase in relative fluorescence intensity of LYI at 545 nm after mixing an equal
amount of AIAS-labelled and LYI-labelled αA-crystallin from the spectra shown in (a).
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Experiments were conducted for 4 hrs at 37oC in 50 mM sodium phosphate, 100 mM NaCl, 2
mM DTT and pH 7.5. The rate constants were calculated by fitting exponential decay and rise to
max functions respectively to the data.
Figure 3: Time-dependent changes in LYI fluorescence during subunit exchange of
labelled αA-crystallin. (a) In the presence and absence of ovotransferrin, and 10% (w/v)
dextran at 37oC; (b) In the presence and absence of 10% (w/v) dextran at 42oC and 45oC;
(c) Effect of dextran and ovotransferrin on the rate of subunit exchange of αA-crystallin at
37oC; (d) Effect of dextran on the apparent rate constant of subunit αA-crystallin subunit
exchange in the presence and absence of dextran at 37oC, 42oC, and 45oC. The increase in
relative fluorescence intensity of LYI at 545 nm was measured after mixing an equal amount of
AIAS-labelled and LYI-labelled αA-crystallin. Experiments were conducted in 4 hrs in 50 mM
sodium phosphate, 100 mM NaCl, 2 mM DTT and pH 7.5. The rate constants were calculated by
fitting exponential decay and rise to max functions F(52) = C1 + C2 e-kt and F(52) (52)= A1 + A2
(1- e-kt) to the data.
Figure 4: Near-UV CD spectra of α-crystallin at different temperatures (a) in the absence
of dextran, (b) in the presence of 10% (w/v) dextran, (c) decrease in the ellipticity of the
CD at 264 nm of α-crystallin in the presence and absence of 10% (w/v) dextran at different
temperatures. α-Crystallin was 3 mg/mL in 10 mM phosphate buffer, pH 7.0. Spectra were
acquired on a Jasco 810 CD spectropolarimeter with a 1 mm pathlength cell.
Figure 5: Intrinsic fluorescence of α-crystallin at temperatures between 25oC and 48oC in
the presence and absence of dextran (a) fluorescence intensity (b) maximum wavelength.
Protein concentration was 15 μM/mL in 10 mM phosphate buffer, pH 7.0. Fluorescence values
are relative to 100% fluorescence at 25oC.
Table 1: Summary of rate constants and time for complete exchange at various
temperatures for subunit exchange experiments of αA-crystallin for LYI fluorescence at
37, 42 and 45oC. N.D. refers to those experiments that were not undertaken in this study. Note
that the times were based on the time to reach the plateau region.
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Table 1
Subunit exchange
rate constant (min-1)
/Time for complete
exchange (min) at
37oC

Subunit exchange rate
constant (min-1) /Time
for complete exchange
(min) at 42oC

Subunit exchange rate
constant (min-1) /Time
for complete
exchange (min) at
45oC

αA-crystallin

(6.23 ± 1.20) × 10-2/
60

(10.73 ± 1.56) × 10-2/
20

(35.54 ± 1.46) × 10-2/
10

αA-crystallin +
dextran

(4.64 ± 1.10) × 10-2/
70

(3.04 ± 0.62) × 10-2/ 40

(4.78 ± 1.43) × 10-2/
30

αA-crystallin +
ovotransferrin

(3.16 ± 0.13) × 10-2/
180

N.D.

N.D.

αA-crystallin +
dextran +
ovotransferrin

(6.47 ± 2.82) × 10-3/
240

N.D.

N.D.
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